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Introduction
To understand the evolutionary processes and history of extant biodiversity, it is crucial to compare data from living and extinct taxa [1] . A key limitation in the interpretation of paleoecology is the reliance on morphology and extrapolation from the knowledge of modern analogues; and that only some groups have well-preserved fossil records. Molluscs produce hard armour, and consequently, the phylum has one of the most complete fossil records. However, extreme flexibility and adaptability in modifying their body plan [2] , combined with a high degree of phenotypic plasticity [3] , means the usefulness of taxonomic characters cannot always be shared across taxa. Without the knowledge of relationships between morphological characters and genetic/environmental factors shaping them in living relatives, it is difficult to confidently reconstruct paleoecology and it is often especially challenging for deep-sea groups.
Modern benthic taxa inhabiting deep-sea hot vents and cold seeps mostly evolved recently in the Late Mesozoic or Cenozoic, when brachiopods were replaced by molluscs [4] . Pectinodontid limpets in the genera Bathyacmaea Okutani, Tsuchida & Fujikura, 1992 [5] and Serradonta Okutani, Tsuchida & Fujikura, 1992 [5] are thought to be restricted to vents and seeps and are known from both extant and fossil systems dating back to the Upper Cretaceous [6] , making them an ideal group to study. Both genera are found in the western Pacific and are especially diverse around Japan, but species from this region have been described based on morphology alone [7, 8] . Taxonomy has historically relied on shell shape, shell sculpture and radula characteristics: Bathyacmaea has a flat, broad shell and smooth-edged radulae, grazing on flat surfaces, whereas Serradonta has a curved, narrow shell and serrated radula thought to be specialist inhabiting siboglinid worm tubes [6] . Translocation experiments show that many shallow-water patellogastropod limpets with distinct ecophenotypes [3, 9, 10] are presented by a single molecular operational taxonomic unit (MOTU, [11] ) [12] . The reliability of these characters has been questioned in pectinodontids [13] but has yet to be thoroughly tested. Here, we used substrate translocation combined with molecular data to tease apart factors influencing morphological characters in deep-sea pectinodontid limpets.
Material and methods (a) Acquisition of limpets
A total of 96 pectinodontid limpets were collected from vents in the Okinawa Trough and seeps in Sagami Bay and the South China Sea using slurp guns mounted on remotely operated vehicles (ROVs) Hyper-Dolphin and KAIKO, or the deepsubmergence vehicle (DSV) Jiaolong (electronic supplementary material, table S1). Limpets recovered were preserved in 99% ethanol or kept alive in 4°C seawater. Limpets were identified as Bathyacmaea or Serradonta based on shell morphology. Bathyacmaea were collected from Bathymodiolus mussels and Serradonta from tubes of Lamellibrachia worms.
(b) Live-rearing experiment
To investigate the effect of substrate on shell and radula morphology, both Bathyacmaea and Serradonta obtained from Sagami Bay seep were reared in aquaria under atmospheric pressure using 4°C artificial seawater, with an air pump. Upon recovery, responsive individuals were placed on their original substrates, and only those that survived for a week were used in the experiment. This resulted in 16 Bathyacmaea and 8 Serradonta. Half of the Bathyacmaea were kept on mussel shells, while the other half were transferred to Lamellibrachia tubes; vice versa for Serradonta. Limpets were reared for three months and grazed on naturally growing bacterial film.
(c) Shell and radula morphology
Limpets were dissected to isolate their shell and radula. Shells were subjected to X-ray micro-CT using a ScanXmate-D160TSS105 (Comscantecno, Japan) to visualize their morphology; threedimensional reconstruction was carried out using Amira v. 5.3. Radula was imaged using a scanning electron microscopy (SEM), after cleaning in half-strength commercial bleach and washed in MilliQ water. Specimens were observed uncoated at 15 kV using a Hitachi TM-3000SEM.
(d) Molecular methods
Of all limpets, 93 were successfully sequenced for the mitochondrial COI gene, including 81 Bathyacmaea and 12 Serradonta (electronic supplementary material, table S2). The nuclear H3 gene was sequenced from 23 Bathyacmaea and 10 Serradonta (electronic supplementary material, table S3) and the nuclear 18S rRNA gene was sequenced from nine Bathyacmaea and six Serradonta (electronic supplementary material, table S4). Published methods were followed for DNA extraction, amplification and sequencing [14] . Primer pairs included LCO1490/HCO2198 for the COI region [15] , H3aF/H3aR for the H3 region [16] and 18e/18dh for the 18S region [17] . Sequences were aligned using Clustal W in MEGA6 [18] .
Resulting COI (517 bp), H3 (249 bp) and 18S (695 bp) alignments were used for downstream analyses (electronic supplementary material, tables S2-S4). For phylogenetic reconstruction, the most suitable substitution model, determined using Model Selection in MEGA6, was Tamura 3-parameter (gamma) for COI, Kimura 2-parameter for H3 and Jukes-Cantor for 18S. The maximum-likelihood (ML) tree was generated using MEGA6 (1000 bootstraps) and Bayesian tree using MrBayes v. 3.2.6 (5 million generations, topologies sampled every 1000 generations, 25% 'burn-in') [19] . Pectinodontid sequences were obtained from GenBank, and the vetigastropod Lepetodrilus elevatus was used as an outgroup. Parsimonious haplotype networks were estimated using TCS v. 1.21 [20] . Arlequin v. 3.5.2.2 [21] was used to calculate the haplotype number, haplotype diversity, nucleotide diversity and carry out neutrality test with Fu's Fs for COI and H3 genes. For the COI gene, the same software was used for population comparisons based on pairwise Fst.
Results

(a) Natural phenotypic variations
Traditional shell and radular characters of specimens collected (figure 1), combined with their geographical localities and environments (figure 2; electronic supplementary material, table S1), indicated that the following described species were collected: A large degree of variation among shell and radula morphology was observed within each 'species' and locality (figure 1a-h), and this variation was greater than expected for presumed taxonomically informative features [5, 7, 22, 23] . Although we found shells and radula combinations matching original descriptions (figure 1a,d), there were often discrepancies. In extreme cases, individuals had flat shells characteristic of Bathyacmaea but serrated radula characteristic of Serradonta (figure 1b,h), although the outermost cusp was not broadened to the same extent. All but three specimens of Bathyacmaea, however, exhibited typical smooth cusps, and all specimens of Serradonta examined had serrated cusps. Furthermore, many individuals contained considerable differences in morphology along the radular ribbon (electronic supplementary material, figure S1).
(b) Effect of substrate on the morphology
Of the 24 individuals used in the three-month experiment, 14 Bathyacmaea (6 transplanted and 8 on the native substrate) and 4 Serradonta (2 transplanted and 2 on the native substrate) survived to the end. In the case of Bathyacmaea, three of the surviving transplanted individuals left worm tubes at early stages and lived on the aquarium wall, despite several attempts at reattachment (electronic supplementary material, figure S2 ). Shells of surviving individuals clearly exhibited a scar absent before the experiment, marking the change of environment and the beginning of new shell deposition (arrowhead, figure 1j-l; electronic supplementary material, figure S2 ).
Limpets transplanted to non-native substrates underwent an obvious shift in shell morphology conforming to the substrate shape, from flat to curved in Bathyacmaea (figure 1j,k; royalsocietypublishing.org/journal/rsbl Biol. Lett. 15: 20190504 apical angle measured from side view shifting from 100°-105°t o 55°-71°) and vice versa in Serradonta (figure 1l; apical angle shifting from 60°-77°to 96°-100°). Shell sculptures remained unchanged, unlike changes in sculpture observed for patellogastropods [10, 24] . The radula did not change across the entire ribbon when examined post-experiment. Individuals reared on native substrates did not deviate in shell shape (electronic supplementary material, figure S2a,c; apical angle 92°-96°before and 91°-98°after experiment in Bathyacmaea, 62°-76°before and 58°-70°after experiment in Serradonta), although Bathyacmaea that left mussel shells and lived on aquarium glass became more flattened (electronic supplementary material, figure S2b; apical angle shifting from 93°-100°to 116°-122°). Haplotypes generated were deposited under DDBJ/ ENA/GenBank accession nos. LC456808-LC456842 and MN130949-MN130950. 
Discussion
Taken together, our results show that vent/seep pectinodontid limpets sampled between Sagami Bay, Japan and the South China Sea belong to a single species that is highly variable in shell and radula morphology. Unlike suggestions from earlier studies [6, 8, 25] , Bathyacmaea and Serradonta do not represent separate evolutionary lineages that diverged to adapt to different substrate types. Both mitochondrial and nuclear markers indicated genetic homogeneity among Bathyacmaea and Serradonta, supporting them being ecophenotypes of the same taxon. This is also supported by population genetic inferences with similar haplotype and nucleotide diversity between the two for the COI fragment, as well as a lack of genetic structure separating the two (tables 1 and 2). The scarcity of material is a significant limiting factor when studying deep-sea animals, often leading to the underestimation of phenotypic variability, as certainly has been the case for these limpets. The detection of genetic structure between Sagami Bay seep and Izena Hole vents is interesting, although the two still share the main haplotypes ( figure 2a ). The southernmost Jiaolong Ridge seep was recovered as genetically distinct at a population level compared to four other sites, but it was only represented by four individuals. The earliest names available among these species are B. nipponica and S. vestimentifericola, published simultaneously in the same work, and are the type species of the two genera [5] . We hereby give precedence to the name B. nipponica as the First Reviser following Art.24.2 of the International Code of Zoological Nomenclature [26] . The names B. secunda, B. tertia and S. vestimentifericola are here formally synonymized with B. nipponica. Accordingly, Serradonta is treated as a junior synonym of Bathyacmaea. Two other named species, B. subnipponica and B. kanesunosensis, from seeps in the Nankai Trough (between Sagami Bay and Okinawa Trough), also likely to belong to the same complex. However, as no samples were collected from type localities, we tentatively treat them as valid species. Genetic sequences of B. lactea described from the South China Sea are very similar to B. becki from the southwest Pacific [23] but differ from B. nipponica (electronic supplementary material, figure S3 ), indicating that two species of Bathyacmaea inhabit South China Sea seeps.
Shell shape, shell sculpture and radula morphology were clearly determined by separate factors in B. nipponica, and the interplay between development and the environment can result in complex arrangements of morphology in this species. The shell shape is dictated by substrate constraints and easily shifts during life, as has been shown for shallow-water patellogastropod limpets [10] . Shell sculptures ranged between strongly latticed (figure 1a) to smooth (figure 1c) with various intergrades (figure 1b,e); this did not change with the substrate or during rearing. The Oligocene Pectinodonta palaeoxylodia also had smooth shells [13] , suggesting either the same range of variation is present in Pectinodonta or P. palaeoxylodia could be a wood-associated Bathyacmaea. Radula morphology was variable but strongly biased according to the substrate across sizes, and therefore, unlikely to be an effect of ontogenetic change or sex [27, 28] . Radula types did not shift with substrate translocation, unlike littorinid snails [29, 30] .
Pectinodontid limpets are well represented in Mesozoic and Cenozoic fossil seeps [8] , but their diversity and paleoecology must be re-evaluated considering the results presented herein, especially with regard to habitat selection. It seems that vent/seep pectinodontids originally appeared in Upper Cretaceous as morphologically plastic generalists on various substrate types and remain as such today. Specimens found attached to ataphrid [6] or provannid [8] snails corroborate this and indicate that perhaps in the Upper Cretaceous, these limpets were even less selective in their substrate.
Samples of Bathyacmaea showing clear shifts in shell shape during growth have not been collected from the natural environment. However, one individual of the seep neolepetopsid limpet Paralepetopsis sasakii exhibiting shell shape shift has been reported, preventing the two forms from being described as separate species [31] . Unlike pectinodontids seen in the present study, in P. sasakii the shell sculpture also changed with shell shape. Considering that limpet-form has evolved at least 54 times in gastropods [32] , the taxonomic usefulness of each character is unlikely to be transferable across different groups with distinct evolutionary origins. The determination of truly useful taxonomic characters for Bathyacmaea is a subject for future study, but anatomical reconstruction [33] and shell microstructure [34] are promising candidates.
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